Facial nerve paralysis is a common complication following cerebellopontine angle (CPA) surgery. This study investigated the prognostic value of facial nerve motor-evoked potentials (FNMEPs) elicited by transcranial electrical stimulation for facial nerve outcome after CPA tumorectomy.
Introduction
Cerebellopontine angle (CPA) neoplasms comprise approximately 10% of all intracranial tumors. [1] Surgical resection is the mainstream therapeutic option for these entities, and cranial nerve damage is a common complication following CPA surgery. [2, 3] Patients may develop facial nerve paralysis immediately after surgery or may develop an early delayed postoperative paralysis, which severely impairs the individual's quality of life. Currently, various modalities of intraoperative facial nerve mapping and monitoring have been developed for the anatomical and functional preservation of the facial nerve. [4] [5] [6] [7] [8] [9] Direct electrical stimulation of the facial nerve is the conventional approach for intraoperative electrophysiological mapping. [10, 11] During CPA tumorectomy, surgeons stimulate the exposed facial nerve, and the evoked compound muscle action potential (CMAP) in muscles dominated by the facial nerve can be recorded. However, this CMAP can only represent the anatomical and functional integrity of the nerve segment between the stimulation site and the recording electrode. Additionally, when the facial nerve was enveloped by tumor tissues, direct electrical stimulation may be impossible. Recently, a facial nerve motor-evoked potential (FNMEP) elicited by transcranial electrical stimulation has been used in CPA surgeries. [12] [13] [14] [15] Transcranial FNMEP is a non-invasive monitoring technique, in which scalp electrodes stimulate the facial nervecorresponding motor cortex triggering CMAP in the downstream muscles. An unattenuated waveform appearing on the target muscle group represents that the facial nerve pathway and function are intact. Some scholars recommend the amplitude reduction as an indicator predicting facial nerve damage, while the quantitative alarm criteria have yet to be clearly established. [16, 17] In this study, we investigated the prognostic value of FNMEP elicited by transcranial electrical stimulation for predicting facial nerve outcome following CPA tumorectomy.
Patient and methods

Patients
A total of 95 patients with CPA tumor(s) were enrolled in this study between January 2014 and January 2016. All these patients underwent CPA tumorectomy (unilateral, n = 95; bilateral, n = 1) via a retrosigmoid approach. The exclusion criteria included: epilepsy, or preoperative facial nerve paralysis.
Assessment of facial nerve function
The perioperative and follow-up facial nerve functions were evaluated according to the House-Brackmann (HB) Facial Nerve Grading System [18] : grade I, normal; grade II, mild facial nerve dysfunction; grade III, moderate facial nerve dysfunction; grade IV, moderate-severe facial nerve dysfunction; grade V, severe facial nerve dysfunction; and grade VI, complete paralysis of the facial nerve. The short-term facial nerve outcome was defined as facial nerve function on the first day after surgery, and the long-term facial nerve outcome was defined as facial nerve function 1 year postoperatively. Based on the HB grading, the patients were classified into 2 groups: those with preserved facial nerve function (HB grades I and II) and those with facial nerve dysfunction (HB grade ≥III).
Intraoperative electrophysiological monitoring
General anesthesia was induced with a constant infusion of remifentanil and propofol and a single-dose usage of short-term muscle relaxant. With the patient in the proper position (lateral decubitus position in most cases), intraoperative electrophysiological monitoring was performed by an experienced group to record the somatosensory-evoked potentials, brainstem auditoryevoked potentials, and CMAPs in muscles dominated by cranial nerves (trigeminal nerve, facial nerve, and lower cranial nerves). A pair of subcutaneous needle electrodes were placed overlying the facial nerve-dominating mentalis for monitoring the CMAPs, and these electrodes were also used to record the FNMEP elicited by transcranial electrical stimulation. A transcranial electrical stimulation (32Xltek, Natus, California) was delivered by placing an anode at the primary facial nerve motor cortex contralateral to the tumor; the facial nerve motor cortex was localized with an intraoperative neuronavigation system (Fig. 1) . We used the Figure 1 . Localization of primary facial nerve motor cortex, the primary facial nerve motor cortex was localized using intraoperative neuronavigator.
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Medicine train-of-four value to monitor the neuromuscular blockade and to evaluate the metabolism of muscle relaxant (Fig. 2) . FNMEP elicited by transcranial electrical stimulation was documented every 5 to 10 minutes throughout the surgical procedure. We selected the mentalis as the target muscle, since the mentalis has the longest distance from the stimulus point, which can minimize the stimulus-related artifacts. A train of two-pulse (initial interstimulus interval = 2 ms) transcranial electrical stimulation was used. Each pulse lasted for 50 ms; the bandpass filter was set at 150 to 3000 Hz. The stimulus threshold was set as the criterion recommended by Calancie in 2008 [19] : evoked muscle response that exceeded 20 mV in peak-to-peak amplitude, and which had an appropriate response latency (latency to mentalis was about 15-20 ms) was considered an effective response. After the muscle relaxant was completely metabolized, an initial stimulus intensity at 50 V was used, increasing by 1-V increments until the valid FNMEP in the target mentalis could be recorded (the maximal stimulus intensity was 500 V). The real-time stimulus intensity was defined as the stimulus threshold baseline. When the dura mater was incised, the stimulus threshold was recorded as the preoperative FNMEP stimulus threshold level; after the tumorectomy was finished, the stimulus threshold was recorded as the postoperative FNMEP stimulus threshold level. The perioperative change in the FNMEP stimulus threshold (delta FNMEP) was calculated: delta FNMEP = postoperative stimulus threshold level -preoperative stimulus threshold level. Additionally, another pair of subcutaneous needle electrodes was placed overlying the contralateral abductor pollicis brevis for recording the upperlimb MEP, guaranteeing that the transcranial electrical stimulation stimulated the tractus corticobulbaris rather than the peripheral tractus corticospinalis. During the tumorectomy, if any stimulus threshold changes were noticed, we would inform the operators and they suspended the surgical procedures until the stimulus threshold recovered. Eventually, the stimulus threshold after tumorectomy was compared to the stimulus threshold when the dura mater was incised, and the associations between stimulus threshold changes and postoperative facial nerve functional outcomes were evaluated.
Statistical analysis
SPSS 24.0 software (IBM SPSS, Armonk, NY) was used for statistical analyses. Spearman correlation analysis was used to analyze the correlation between perioperative FNMEP changes (delta FNMEP = postoperative level -preoperative level) and facial nerve function grading. Mann-Whitney U test was used to compare the difference in delta FNMEP between the preserved facial nerve function group and the damaged facial nerve function group. A receiver operating characteristic (ROC) curve was used to calculate the cut-off value of delta FNMEP for predicting facial nerve function damage. P-values .05 were considered to indicate a statistically significant significance.
Results
Demographic data
The study population included 66 males and 29 females, with an average age of 51.4 ± 11.4 years. Fifty-six patients had a CPA tumor on the left side, 38 patients had a CPA tumor on the right side, and 1 patient had bilateral CPA tumors. The histopathological patterns included acoustic schwannoma (n = 52), meningioma (n = 32), and epidermoidoma (n = 11). The functions of 96 facial nerves were monitored. There were no electrophysiological monitoring-related complications.
Facial nerve function
On the first day postoperatively, the facial nerve function was HB grade I in 67 (69.8%), grade II in 17 (17.7%), grade III in 7 (7.3%), and grade IV in 5 (5.2%) facial nerves. One year postoperatively, the facial nerve function was HB grade I in 80 (83.3%), grade II in 11 (11.5%), grade III in 3 (3.1%), and grade IV in 2 (2.1%) facial nerves.
Correlation between FNMEP stimulus threshold changes and facial nerve functions
Spearman correlation analysis showed the delta FNMEP was positively correlated with the short-term facial nerve function grades (rho = 0.645, P < .001) as well as the long-term facial nerve function grades (rho = 0.375, P < .001). The scatter diagrams are shown in Figure 3 . The Mann-Whitney U test showed a significant difference in the delta FNMEP between the preserved facial nerve function group and the damaged facial nerve function group classified according to either short-term or long-term facial nerve function assessment (both P < .001; Fig. 4 ).
Alert cut-off values
ROC curve analyses yielded a cut-off delta FNMEP value of 30 V (sensitivity, 91.3%; specificity, 98.6%) for predicting short-term facial nerve function damage (Fig. 5A ) and a cut-off value of 75 V (sensitivity, 100%; specificity, 98.8%) for predicting long-term facial nerve function damage (Fig. 5B) . 
Illustrative case
A 74-year-old woman was diagnosed with meningioma in the right CPA region. The preoperative facial nerve function was HB grade I. When the dura mater was incised, the FNMEP stimulus threshold was 113 V. Intraoperatively, the response amplitude was significantly reduced, and the FNMEP stimulus threshold needed to be raised. After the tumor was completely removed, the FNMEP stimulus threshold was 136 V, yielding a delta FNMEP value of 23 V. The short-and long-term facial nerve function evaluations were both HB grade I. The dynamic monitoring results are presented in Figure 6 .
Discussion
In the current study, we used a "threshold-level" method for intraoperative monitoring of facial nerve function, and we recorded the contralateral stimulus threshold levels as a normal control. We found the cut-off value of delta FNMEP for predicting long-term facial nerve outcome was larger than that for predicting short-term facial nerve function, suggesting that a higher intraoperative delta FNMEP may be associated with facial nerve damage requiring a long-term recovery. Cosetti et al also used the delta FNMEP as a quantitative criterion during CPA tumor resection, and they found that patients with HB I or II at a mean 10-month follow-up had an average delta FNMEP of 0.04 V, whereas those with HB >2 had an average delta FNMEP of 57 V. [4] Bozinov et al proposed that a threshold increase of >20 mA for eliciting the FNMEP may be a warning criterion predicting postoperative impaired facial nerve function. [20] An FNMEP elicited by transcranial electrical stimulation was first reported by Merton and Morton in 1980, [21] and the FNMEP was applied in tumorectomy by Zhou et al in 2001. [22] Comparison of delta facial nerve motor-evoked potential (FNMEP) between the facial nerve function reservation group and the facial nerve function damage group, (A) based short-term facial nerve function assessment, the delta FNMEP in the facial nerve function reservation group (n = 84) was significantly lower than those in the facial nerve function damage group (n = 12) (P < .001). (B) Based long-term facial nerve function assessment, the delta FNMEP in the facial nerve function reservation group (n = 92) was also significantly lower than those in the facial nerve function damage group (n = 5) (P < .001).
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This monitoring approach records the CMAP in the target muscle (mentalis) evoked by stimulating the facial nerve motor cortex. [23] Transcranial electrical stimulation is less invasive than conventional direct electronical stimulation, and the FNMEP is considered to be closely associated with the postoperative facial nerve function. In CPA tumorectomy, transcranial FNMEP can be applied for real-time evaluation of the facial nerve function, facilitating the early identification of facial nerve damage and promoting maximal safe resection of the CPA tumors with facial nerve reservation. [22, 24] The FNMEP has significant superiority when the tumor is giant in size and envelops the facial nerve. Notably, transcranial FNMEP may be more sensitive than other traditional parameters, and evaluation using a stimulus threshold is a quantitative method; when the stimulus threshold level is increased, surgeons should be alert to the potential for facial nerve damage. Furthermore, transcranial FNMEP is much safer than conservative continuous electromyography. Although transcranial magnetic stimulation is noninvasive and painfree and it can stimulate the proximal facial nerve, magnetic stimulation does not have a fixed stimulation site; electrical stimulation has a better spatial resolution as well as a superior temporal resolution.
Electromyography activity occurs only at the time when the facial nerve is irritated intraoperatively, while the absence of electromyography activity may indicate a structurally and functionally integrated facial nerve or total loss of facial nerve function. [19] Romstöck et al found continuous EMG monitoring could reduce the rate of facial nerve injury following CPA surgery. [25] Free-running EMG is applicable for all facial muscles, however, FMEP is less well controlled at the upper parts of the face. [26] Various factors may affect the monitoring of motor-evoked potentials, such as administration of anesthetic muscle relaxants, numbers of recording electrodes, and individual physical differences. The causes of postoperative facial nerve paralysis may also be variable, including transient conduction block of facial motor nerve, neurapraxia, mechanical axonotmesis, edema or ischemiahypoxia of facial nerve, and herpesvirus activation. In the current study, we used the train-of-four value to evaluate the neuromuscular blockade and the metabolism of muscle relaxant, the relevant confounding factors being excluded.
The alarm criteria of FNMEP have yet to be established. Some scholars recommend a >50% reduction in amplitude as an indicator for predicting facial nerve damage. [16, 17] The amplitudes of FNMEP are heterogeneous and exact quantitative measurements are usually challenging; additionally, the "amplitude-warning" method requires a much stronger stimulus intensity, which may cause neck movement of the anesthetized patient and affect the surgical procedures. A recent study showed that in transcranial FNMEP, monitoring only 20% of motor neurons distributed in the target muscles can form potentials. [20] We speculate that the amplitude of FNMEP may simply represent the function of partial neurons; when these neurons are not involved in facial nerve damage, the patient may develop facial palsy while the amplitude of FNMEP can be normal.
The current study also has some inherent limitations. The cutoff threshold level may lead to false negative prediction. ROC curve analysis yielded a cut-off value of 30 V for predicting shortterm facial nerve outcome. However, in our cohort, 2 patients developed postoperative facial nerve paralysis in whom the intraoperative delta FNMEP was less than 30 V. Additionally, in some patients, the delta FNMEP was negative, which may be associated with the anesthesia anabiosis when the final FNMEP stimulus threshold was recorded. ROC curve analyses also produced a cut-off value of 70 V for predicting long-term facial nerve outcome. A long-term recovery can alleviate the nerve edema and facilitate nerve regeneration and reconstruction. The safety of transcranial FNMEP monitoring is another important issue. MacDonald reviewed the clinical experience with intraoperative transcranial electrical stimulation motorevoked potential monitoring in more than 15,000 cases; they found only 43 patients developed complications including tongue or lip laceration, cardiac arrhythmia, and intraoperative awareness. [27] In our study, no electrophysiological monitoring-related complications were noted. We recommend transcranial FNMEP as a safe approach for intraoperative monitoring of facial nerve function.
In short, CPA tumors are associated with complex anatomy and the surgery is extremely challenging. Although intraoperative electrophysiological monitoring has been found valuable for evaluating and protecting the facial nerve function, proficient, and experienced surgical and electrophysiological skills are still fundamental and should be much more highlighted.
Conclusions
CPA tumorectomy is a challenging and delicate surgical procedure due to the complicated local anatomical structures.
The FNMEP elicited by transcranial electrical stimulation is an effective and safe approach for predicting the short-term and long-term facial nerve function following CPA tumorectomy. A high delta FNMEP is a potential indicator for the prediction of postoperative facial nerve damage.
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